Valleytronics is one of the breaking-through to the technology of electronics, which provides a new degree of freedom to manipulate the properties of electrons. Combining DFT calculations, optical absorption analysis and the linear polarization-resolved transmission measurement together, we report that three pairs of valleys, which feature opposite optical absorption, existing in the 3-dimensional (3D) group-IV monochalcogenids. By applying the linearly-polarized light, valley polarization is successfully generated for the first time in a 3D system, which opens a new direction for the exploration of the valley materials and provides a good platform for the photodetector and valleytronic devices. Valley modulation versus the in-plane strain in GeSe is also studied, suggesting an effective way to get the optimized valleytronic properties.
I. INTRODUCTION
As a consequence of the crystal symmetry, energy spectrum in the semiconductors may contains many energyadjacent minima (maxima) in the conduction (valence) bands, forming multiple valleys that are located along different axises with different momenta. The electrons trapped in different valleys usually carry different orbital compositions and momenta [1] [2] [3] [4] , meaning the flow of charge in a particular way and leading to disparate Zeeman splitting and optical absorption [5] [6] [7] [8] [9] . Thus, controlling electrons in the specific valley, e.g., valley polarization, provides an unprecedented way of tuning optical and electronic properties in semiconductors [10, 11] , and creates a new frontier in condensed matter physics, the valleytronics [3, 4] , which aims to generate/detect the valley polarization and constructs multichannel devices based on the valley properties [2, [12] [13] [14] [15] [16] .
Recognized as one type of valleytronic materials, 2-dimensional (2D) group-IV monochalcogenids AB (A=Ge,Sn;B=Se,S) have received extensive attentions [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Experimentally, group-IV monochalcogenids adopt an orthorhombic structure (P nma space group) as shown in Fig. 1(a) , where one unit cell is constructed by two puckered polar layers similar to that of black phosphorus [29] [30] [31] . So P nma monochalcogenids can be exfoliated to the monolayer [18, 32] , and feature multiple valleys [33] , distinctive optical selection rules [34, 35] , extraordinary spintronics [36] , large piezoelectric [37] and * These two authors contributed equally to this work † gangxu@hust.edu.cn ferroelectric effects [38] [39] [40] . While valleytronics are widely studied in the 2D materials, the valley physics and their polarization generating in 3-dimensional (3D) compounds is rarely achieved. In this paper, by means of the density functional theory (DFT) calculations and symmetry analysis, we demonstrate that three pairs of valleys exist at the Fermi level in the bulk of group-IV monochalcogenids, which feature different selection rules to the linearly-polarized light. The linear polarization-resolved infrared (IR) transmission spectra are measured on the GeSe crystal. An obvious two-fold linear dichroism absorption between 8600 to 10000 cm −1 is observed, corresponding to our calcu- lations and optical absorption analyses very well. Such observation demonstrates that the valley polarization is successfully generated in the 3D group-IV monochalcogenids. Furthermore, the valley position versus the inplane strain is also studied in this work, which offers a useful method to optimize the valleytronic properties in AB compounds. All these results provide us a new direction for the exploring of the valley materials, as well as a great guidance for the design of the photodetector and valleytonic devices.
II. DFT CALCULATIONS AND BAND ANALYSIS
Our DFT calculations are performed by Vienna ab initio Simulation Package (VASP) within the projector augmented wave scheme [41] , where the generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof type for the exchange-correlation potential [42, 43] are adopted. The cutoff energy for the wave function expansion is set to 520 eV. A Monkhorst-Pack grid of 10×10×4 k -meshes are used for the self-consistent calculations [44] . Since the spin-orbital coupling (SOC) has very weak influence on the band structures for the existence of the inversion symmetry, we have excluded SOC in all calculations, as well as our optical selection rule analyses.
Experimental crystal parameters shown in Table I are used in our calculations. The calculated band structures of AB compounds are plotted in Fig. 2 , which indicate that four AB compounds are all insulators, and have very similar band dispersions and orbital characters around the Fermi level. Therefore, we would like to take the bands of SnS as a representative to demonstrate their orbital components and valley definitions in the following. Firstly, the insulating gap for all compounds are determined by the band dispersions in the k z = 0 plane of the Brillouin zone (BZ), as shown in the Fig. 2 . Especially, there are three energy-adjacent minima (maxima) located on the conduction (valence) band along the X − Γ − Y directions, forming three pairs of valleys, V x confined in Γ − X direction, V y confined in Γ − Y direction, and V Γ located around Γ point, respectively. The energy difference between E Vx and E Vy is defined as ∆E = E Vy − E Vx . Secondly, due to the symmetry requirement, V x , V y , and V Γ consist of different orbits and belong to different representations. As
The calculated band structures of AB compounds, in which the energy difference between EV x and EV y is defined by ∆E = EV y − EV x .
shown in Fig. 1(c) and Fig. 2 , valleys V x colored by red and valleys V y colored by blue are composed of p x and p y orbitals respectively due to the existence of C 2z rotation perpendicular to the xy plane, while valleys V Γ represented by the green bands, are mainly composed of p z orbitals. The different band compositions would lead to distinctive optical absorption rules, which are summarized in Fig. 1(c) , and will be analyzed in the next chapter.
III. OPTICAL SELECTION RULES
As we all know, the interband transition proba-
, where E i is the direction of the electric field of the polarized light, c(k) and v(k) are the conduction and valence band's wave functions at a given momentum k, respectively. The electron excitation from the valence band to the conduction band could happen only when the integral of c(k)
It means that the product of c(k), ∂H ∂ki and v(k) should be unchanged under any symmetry operations of the system, i.e. their irreducible representations' (irreps) product must be identical (A 1g in Table II and A 1 in Table  III) .
Let us first address the selection rule of the valley located around the Γ point, V Γ , which has never been studied before. According to our DFT calculations, the composition of the highest valence band and the lowest conduction band around the Γ point are both p z orbitals, and their irreps are B 3g and B 1u with respect to the D 2h little group, as shown in Table II . It means that only the B 2u irrep satisfies B 1u ⊗ B 2u ⊗ B 3g = A 1g , i.e., only the • to 360
• on GeSe and plotted in a polar coordinate.
x-polarized light could excite the electrons transition between the V Γ valleys. For the V x and V y valleys, their little group are both C 2v . Two V x valleys (red bands in Fig. 1 and Fig. 2 ) located along Γ−X direction both belong to A 1 irrep, which decides that only the x-polarized light with A 1 irrep could excite the V x polarization, yielding to the requirement A 1 ⊗ A 1 ⊗ A 1 = A 1 . On the other hand, two V y valleys located along Γ − Y direction both have B 1 irreps. Thus, only the y-polarized light could excite the V y polarization due to B 1 ⊗ A 1 ⊗ B 1 = A 1 . The optical absorption rules of V x , V y and V Γ are summarized in Fig. 1(c) . Using these features, we can distinguish the direct energy gaps of V x and V y valleys. We note that the energy gap between the V Γ valleys, i.e. E VΓ , is always larger than that between V x valleys (E Vx ) based on our calculations. So we can identify E Vx by observing the absorption edge of the x-polarized light. Furthermore, two kinds of valley polarization can be generated, since V x and V y can be pumped separately by applying the x/y-polarized light.
IV. VALLEY POLARIZATION GENERATION
Guiding by the above analysis, we have grown GeSe and GeS compounds, and measured the linearlypolarized IR transmission spectra to verify the the polarization-dependent absorption (linear dichroism), as well as the generation of the valley polarization in the 3D group-IV monochalcogenids. Here we take GeSe as an example to illustrate such linear dichroism and the valley polarization generation. 
Our GeSe crystals are grown by the chemical vapor transport(CVT) technique with iodine as the transporting agent [45, 46] . High purity germanium (> 99.999%) and selenium (> 99.99%) powders with 1:1 composition are thoroughly mixed and sealed together with iodine (4 mg/liter) in a silica ampule under pressure of 10 −3 Pa. The sealed ampule is placed into a two stage horizontal furnace. The hot end with the mixture is slowly heated to 820 K at the rate of 35 K/h and the cold end to 770 K at the rate of 32 K/h. The slow heating rate is necessary to avoid any explosion due to the strong exothermic reaction between the elements. After 120 hours of growth, the furnace is cooled down naturally. Single crystals of GeSe with the size of ∼ 1.5 × 5 × 0.5mm 3 are obtained after breaking the quartz ampoule, as shown in the inset of Fig.3(a) .
The as-grown crystals are characterized by the scanning electron microscopy (SEM) with energy dispersive spectrometer (EDS), single crystal X-ray diffraction (XRD) and Laue back reflection measurements. Stoichiometric GeSe composition is confirmed by the EDS analysis. The flat surface is identified to be (0 0 1) plane by the single crystal XRD measurements, as displayed in Fig.3(a) . It indicates that the flat surface is perpendicular to the crystalline c-axis (defined as z-direction), therefore it is the ab-plane in the structure [47, 48] . The a-and b-axis (x-and y-direction) in this surface are determined by Laue back reflection camera system [49] , which is shown in Fig.3(b) .
The linear polarization-resolved IR transmission spectra of GeSe crystals are measured at room temperature using a Bruker IFS 80v spectrometer. The incident beam is along the z direction and the linearly-polarized electric field could be turned within the xy-plane. Fig.3(c) shows the transmission spectra with electric field along the xand y-direction, respectively. The sharp drop signals the onset of the absorption due to that the photon energy exceeds the band gap, which can be used to identify the value of the direct valley energy gap, E Vx and E Vy . The measurements demonstrate a clear linear dichroism between 8600 to 10000 cm −1 . For the x-polarized light, the onset of absorption is about 8600 cm −1 (or 1.07 eV), corresponding to our calculated E Vx = 1.12 eV. By contrast, the onset absorption of the y-polarized light is enhanced to about 9100 cm −1 (or 1.13 eV), corresponding to our calculated E Vy = 1.27 eV roughly. The observed difference of E Vx and E Vy is 0.06 eV, a little smaller than our calculated result 0.15eV, but declaring the existence of the linear dichroism absorption enough. To further resolve the linear dichroism, we measured the polarizationdependent IR transmission spectra of the same sample with the normal light incidence and the polarization angles relative to x-direction from 0
• to 360
• in steps of 10 • . Fig.3(d) shows the measured band gaps in a polar coordinate. A two-fold anisotropy along the x and y directions could be clearly seen in the plot, reflecting the electronic anisotropy along the Γ − X and Γ − Y directions.
The observed linear dichroism in GeSe perfectly confirm our DFT calculations and the optical absorption analyses. More importantly, it also demonstrates that the valley polarization has been successfully generated by the linearly-polarized light in group-IV monochalcogenids, which is realized in a 3D system for the first time. Such valley polarization can be detected by the converse process, or by using the nonlinear transverse valley conductivity. Therefore our results provide new functionalities in optical switches and valleytonics devices of the 3D group-IV monochalcogenids.
V. VALLEY MODULATION
To enhance the performance of the optical switches and the valley polarization, one expects that the energy difference ∆E should be as large as possible, and the V Γ valleys should be away from the Fermi level as far as they can. Based on our calculations, SnS satisfies these requirements mostly, which is the best 3D valley material among group-IV monochalcogenides. On the other hand, we can modify the valley position by modulating the external conditions, such as strain [50, 51] , gating field [52, 53] et al. Since E Vx and E Vy are decided by the energy positions of the p x and p y orbitals. One would naturally expect that the in-plane strains are one of the effective methods to modulate ∆E. In Fig.4 (a-d) , we have plotted the band structures of GeSe by reducing or enlarging 4% of a-axis and b-axis respectively, which confirms that reducing a-axis or enlarging b-axis can both support a larger linear dichroism energy window, i.e. a larger ∆E. The ∆E evolution of the a-axis (b-axis) stain is summarized in Fig. 4(e) , from which we can see that either reducing constant a or enlarging constant b could increase the ∆E monotonically. However, for the case of reducing a-axis, those V Γ valleys become very close to the Fermi level as shown in Fig. 4(a) , which is disadvantageous to the V x polarization with the pure x-direction momentum. Therefore, we conclude that enlarging b-axis is the ideal way to get the best valleytronic properties in GeSe.
VI. CONCLUSIONS
Combining the DFT calculations and the linear polarization-resolved IR transmission measurement together, we have proposed a family of 3D valleytronic materials AB (A=Ge, Sn; B=S,Se), in which a distinctive two-fold anisotropic absorption of the linearly-polarized light is observed, consistent with the optical absorption rule analyses very well. The observed linear dichroism perfectly confirmed that valley polarization is successfully generated by the linearly-polarized light in a 3D system. Such valley polarization can be read by using the nonlinear transverse valley conductivity. Furthermore, valley modulation by the in-plane strain is also studied in our work, which points out a useful method to optimize the vallaytronic properties in AB compounds. All these results open a new direction for the exploration of the valley materials, which also provide a good platform of optical switches and valleytonic devices. 
